The generation of viral vectors, such as adeno-associated virus (AAV) and lentivirus, which are capable of stable transduction of neurons, offers an attractive strategy for introducing novel genes into the brain, resulting in a long-lasting production of specific proteins. An alternative approach to achieving transgene expression in brain is to graft cells that are genetically engineered to produce neuroactive substances. Neuroactive peptides, adenosine, and γaminobutyric acid, are agents that can be delivered by gene and cell therapy with potential utility in epilepsy therapy.
Viral Vectors for Gene Transfer
Viral vectors, in conjunction with other methods of in vivo gene transfer, are novel tools for studying the function of genes in the mammalian central nervous system (CNS) . Moreover, such gene-transfer approaches can induce the expression of "therapeutic" molecules, providing potential opportunities for treating some CNS diseases. Neurotropic viral vectors can express single or multiple foreign genes as well as a wide variety of regulatory elements and can be engineered at either or both the capsid and promoter level to provide highly targeted, cell-specific gene transfer. Neurotropic viral vectors also permit short-term or long-term CNS transgene expression to be achieved in different regions of the brain through stereotaxic delivery.
Various viral vectors, including herpes simplex virus, adenoviruses, and retroviruses, have been developed for gene therapy (1, 2) . The adeno-associated virus (AAV) vector system appears to have several advantages for gene transfer over the other virus vectors, including a high efficiency of infection and minimal induction of host immune and inflammatory responses (3, 4) . The efficacy of the AAV system is based on its ability to package any DNA up to a size limit of ∼4.5 kb (5). The AAV vectors are nonpathogenic in that they lack the machinery for virus replication, and consequently, infection will be limited to the site of injection. AAVs are very promiscuous and infect virtually all cell types in a variety of host organisms; therefore to restrict gene expression to specific cell types, the use of a tissue-specific (i.e., cell-specific) promoter is needed.
Harmful recombination events, such as insertional mutagenesis or reversion to wild type, are a general problem that may occur with viral vectors, particularly when pathogenic viruses are modified for gene transfer. Because of replication initiator protein (Rep) deletion, recombinant AAV (rAAV) is believed to exist mainly in episomal form, with variable levels of integration in nondividing cells. Nonspecific host effects on the virus activity, such as promoter silencing or immunologic reactions, are another issue of concern with the use of viral vectors. Integrated rAAVs have not been reported to have any mutagenic or deleterious effects; however, high-dose vascular delivery could be tumorigenic (6) , thus warranting further long-term studies.
Gene Transfer in Seizure Disorders: The Choice of "Therapeutic'' Genes
An imbalance in excitatory and inhibitory neurotransmission is a widely recognized hypothesis for CNS hyperexcitability underlying the epileptic state. Because viral-mediated gene delivery can result in stable transduction of neurons with agents that have the potential to affect this imbalance, seizure disorders represent an attractive target for gene therapy. Thus far, therapeutic strategies have focused on the modulation of signaling, mediated by the main classic excitatory and inhibitory neurotransmitters, glutamate and γ -aminobutyric acid (GABA). However, over the past 20-year period, increasing attention has been focused on a group of bioactive peptides, including galanin and neuropeptide Y, which are abundantly expressed in the brain (7) . As increased information has accumulated on the involvement of these peptides in fundamental physiologic and behavioral functions, such as feeding, anxiety, learning, memory, and attention, it has become clear that the peptides also can modulate neuronal excitability in a beneficial way to protect against seizures.
The preferential release of neuropeptides under conditions of increased neuronal activity, and in particular during seizures, has encouraged investigation of their role in seizure modulation (7) . Both galanin (a 29-to 30-amino acid peptide) and neuropeptide Y (a 36-amino acid polypeptide) have been shown to antagonize excitatory glutamatergic neurotransmission in the hippocampus (8) (9) (10) . Compelling evidence supports an anticonvulsant role for these peptides in various experimental models of seizures, either when exogenously applied or when endogenously released (11) (12) (13) (14) (15) . Neuroprotection against excitotoxic cell death (26, 17) and seizure-induced neurogenesis (18) are two novel aspects of peptide action in the CNS that are relevant to epilepsy research. These findings led to the hypothesis that augmentation of local inhibitory tone, resulting from overexpression of these two neuroactive peptides in specific brain areas, may be an effective strategy for inhibition of seizures and epileptogenesis. Attenuation of seizure and neuronal death by AAV vectors that mediate galanin expression and secretion recently has been reported (17, 19) .
AAV vectors with different characteristics were designed to overexpress galanin constitutively in neurons. In one study, an AAV vector was engineered to carry a fibronectin sequence together with the galanin gene (17) . AAV-mediated delivery of this secretory signal, along with the coding sequence for the active galanin peptide, significantly attenuated in vivo focal seizure sensitivity in rat inferior collicular cortex and prevented hippocampal hilar cell loss consequent to kainate-induced seizures. By adopting a doxycycline-sensitive rAAV vector, this elegant study showed that when doxycycline was added to drinking water, the threshold for seizure generation returned to baseline within 1 week. This study demonstrates the feasibility of both controllable and long-term (≤4 weeks) seizure attenuation with a gene-therapy vector. In another study, Lin et al. (19) adopted an rAAV vector in which the galanin gene was driven by a neuron-specific promoter. The study showed long-lasting (≤2.5 months) functional overexpression of galanin, specifically in hilar interneurons and their terminal projection fields, thus demonstrating that the peptide can be produced and transported along axons even a long distance from its site of synthesis. Lin and colleagues (19) reported that restricted galanin overexpression results in powerful inhibition of seizures induced by intrahippocampal injection of kainic acid, as detected on electroencephalogram (EEG).
Richichi et al. (20) studied the effect on acute kainateinduced seizures and kindling epileptogenesis of long-lasting neuropeptide Y overexpression by local application of recombinant AAV vectors in the rat hippocampus (20) . The authors used vectors with different serotypes and clearly showed that tissue can be more efficiently targeted by varying capsid genes (21) . rAAV serotype 2 (rAAV2) vector increased neuropeptide Y expression in hilar interneurons only, whereas the chimeric serotypes 1 and 2 vector caused far more widespread expression including mossy fibers, pyramidal cells, and subiculum (Fig. 1) . Seizures detected by EEG, induced by intrahippocampal injection of kainate, were reduced by 50% to 75%, depending on the spread of neuropeptide Y expression, and seizure onset was markedly delayed. In rats injected with chimeric serotypes 1 and 2 vector, status epilepticus was abolished, and kindling acquisition was significantly delayed. The experimental findings in rodent models of seizures suggest that targeted gene transfer may provide a basis for development of new gene therapies that may be useful to treat drug-resistant focal seizure disorders.
Numerous studies have demonstrated that gene-therapy interventions can protect neurons from death after neurologic insults. By using a herpes simplex virus-1 system to overexpress either the glucose transporter-1 (Glut-1) or the apoptosis inhibitor Bcl-2, McLaughlin et al. (22) showed that both genes were protective against kainate-induced hippocampal damage, when introduced either before or 1 hour after the excitotoxin. Thus neurons can be rescued even when targeting early-stage events that occur after the insult.
The main alternative to viral vectors for gene transfer into CNS cells is pegylated immunoliposomes that carry the plasmid DNA for expressing the exogenous gene. By using a brain cell-specific promoter and a targeting ligand that binds to a transporting receptor on the blood-brain barrier, it is possible to confine the expression of the exogenous gene to the brain. The advantage of this nonviral vector-delivery system is its systemic, and thus noninvasive, application (23) . However, the persistence and level of expression of the transgene are limited compared with those of viral vector-mediated gene delivery.
Cell Grafting
A different approach to controlling seizures with the use of gene transfer involves brain grafting of cells that are engineered to release inhibitory neurotransmitters or neuroactive compounds (24, 25) . For example, fibroblasts engineered to release adenosine have been encapsulated into semipermeable polymers and grafted into the brain ventricles of kindled rats (24) . Adenosine, released locally from cell grafts, provides nearly complete protection from kindled seizures for a period of up to 24 days. The diminution of seizure protection appears to result from a decrease in viability of the engineered fibroblasts. The authors envisaged the use of embryonic stem cells as a future strategy to develop adenosine-releasing cells of different developmental lineages. For instance, adenosine-releasing myoblasts with a defined genetic origin might be generated and fused into myotubes that have been demonstrated to survive for at least 6 months after encapsulation and grafting (26) .
Genetically engineered GABA-producing cells, obtained from immortalized mouse cortical neurons expressing the GABA-synthesizing enzyme GAD65, raised seizure threshold when transplanted into key epileptogenic nuclei in rats (25) .
Transplantation approaches consisting of brain grafting of embryonic noradrenergic, serotonergic, or cholinergic neurons have been efficient in retarding seizure development induced by kindling stimulation, indicating the potential antiepileptogenic effects of differentiated neurons that express inhibitory substances (27) (28) (29) .
Although substantial seizure suppression can be obtained with engineered cell grafting, the anticonvulsant effect is highly dependent on cell viability and is restricted to a few weeks in rodents. Thus alternate strategies for the engineering of cells with longer survival time must be developed. For example, it may be possible to introduce survival-enhancing genes.
The preliminary studies reported to date that show inhibitory effects on seizures and epileptogenesis and evidence for neuroprotection from seizure-mediated cell death provide optimism that transgene overexpression in the CNS could be a viable epilepsy treatment approach. The strategy is most likely to be effective in the treatment of focal-onset seizures, such as in temporal lobe epilepsy. However, further studies on gene transfer in spontaneously epileptic animals are mandatory to assess the clinical relevance of these early observations. The rapid advancement in recombinant viral-vector and cell-grafting technology provides exciting opportunities for studies in animal models, which are required before clinical trials. In the future, clinical-grade vectors stereotaxically delivered into the seizure focus could provide an alternative to resective surgery in the treatment of partial epilepsy.
